THE HABENULA (HB) IS A SMALL brain structure located at the posterior end of the medial dorsal thalamus adjacent to the third ventricle. In most vertebrate species, its bilateral nuclei can be divided into medial (MHb) and lateral (LHb) portions (Andres et al. 1999; Díaz et al. 2011 ) and form together with the pineal gland and posterior commissure the epithalamus (see Fig. 1, A and B) . Connectivity and function of the Hb have been reported in animals and humans (Hikosaka 2010; Ide and Li 2011; Beretta et al. 2012; Shelton et al. 2012b ). The MHb receives inputs from the septum and the nucleus accumbens (NAc) and projects to the interpeduncular nucleus (IPN). The LHb has afferent connections from the lateral hypothalamus, NAc, and caudate/putamen (CPu) and sends projections to the ventral tegmental area (VTA), substantia nigra pars compacta (SNc), periaqueductal gray (PAG), and dorsal raphe nucleus (DRN). Both MHb and LHb receive input from forebrain regions. Accordingly, this neural network indicates that the Hb may act as a hub between forebrain and midbrain regions, together with its implication in a wide range of behaviors such as sleep-wake cycles, olfaction, ingestion, sexual behavior, stress response, reward-punishment, and pain and analgesia (Thornton et al. 1985; Sugama et al. 2002; Hikosaka 2010) . The Hb has also been linked to various psychiatric disorders such as anxiety and depression (Savitz et al. 2011a (Savitz et al. , 2011b (Savitz et al. , 2013 , which are commonly comorbid disorders with chronic pain conditions. The role of the Hb in pain processing is well documented in animals (reviewed in Shelton et al. 2012a) , as well as in imaging studies of acute experimental pain in humans (Shelton et al. 2012b) . Given that chronic pain is associated with profound sensory, emotional, and cognitive changes, the Hb may be implicated in chronification of pain disorders; however, its function in chronic pain disorders remains unknown.
Complex regional pain syndrome (CRPS) is a chronic neuropathic pain disorder that is characterized by significant autonomic symptoms and typically occurs in an extremity as a result of acute tissue damage (Bruehl 2010) . CRPS manifests itself with typical neuropathic pain symptoms (i.e., spontaneous ongoing pain and abnormally pain responses to innocuous and noxious stimuli), local edema, and autonomic changes (i.e., altered sweating, change in skin color, and temperature in the affected region) (Harden et al. 2013) . Additionally, trophic alterations in skin, hair, nails, and motor function may also occur. Experimental studies have repeatedly documented that patients with CRPS exhibit profound alterations in brain function (Fukumoto et al. 1999; Apkarian et al. 2001; Maihöfner et al. 2004 Maihöfner et al. , 2005 Maihöfner et al. , 2006 Pleger et al. 2006; Lebel et al. 2008; Becerra et al. 2009; Freund et al. 2010) , structure (Geha et al. 2008; Baliki et al. 2011), and chemistry (Fukumoto et al. 1999; Grachev et al. 2000 Grachev et al. , 2002 Klega et al. 2010) . Interestingly, there is growing evidence that chronic pain is also characterized by alterations in resting-state functional connectivity (rsFC) as, for example, patients with chronic pain conditions exhibit altered default mode network and attention network rsFC (Baliki et al. 2008; Cauda et al. 2009b Cauda et al. , 2010 , as well as greater rsFC between pain-related brain regions compared with healthy controls (Cauda et al. 2009a) .
Analyzing rsFC has become increasingly popular to investigate intrinsic brain connectivity. Because of the anatomical and functional location of the Hb and its interactions with frontal and brainstem regions and its role in sensory (including pain) and affective processing, we investigated Hb rsFC in patients with CRPS and healthy control subjects. We previ-ously reported structural connectivity in the human Hb based on diffusion tensor imaging (Shelton et al. 2012b) . Here, we hypothesized that 1) Hb rsFC parallels Hb anatomical/white matter connectivity, and 2) patients with CRPS exhibit altered Hb rsFC compared with healthy controls. Altered Hb rsFC may provide insights into physiological and behavioral changes due to chronic pain.
METHODS

Subjects
CRPS patients were recruited for this research study that was approved by the Institutional Review Board at Boston Children's Hospital. Special study procedures were adopted to accommodate pediatric CRPS patients. Both patient and parent consents were required for study participation. Parents were present during each step of the study. Patients were included in the study if 1) they had refrained from using analgesic medication at least 4 h before the study session, 2) they experienced unilateral lower extremity pain, and 3) their pain intensity was Ͼ5 on a 10-point visual analog scale (VAS). Exclusion criteria included 1) claustrophobia, 2) significant medical problems (e.g., uncontrollable asthma and seizures, cardiac diseases, psychiatric disorders, and neurological disorders other than CRPS), 3) pregnancy, 4) medical implants and/or devices, and 5) weight Ͼ285 lbs, which corresponded to the weight limit of the MRI table. These patients were recruited within a larger study on measures of treatment effects in CRPS (Becerra et al. 2013) ; here, we limited analyses to Hb rsFC in patients compared with healthy controls before treatment.
MRI Acquisition
Subjects underwent MRI on a 3 T (Siemens Medical, Erlangen, Germany) scanner using a 16-channel head coil. For each participant, we collected a 3D T1-weighted anatomical scan using a magnetization-prepared rapid acquisition gradient echo (MPRAGE) sequence (128 sagittal slices; TR ϭ 2100 ms; TE ϭ 2.74 ms; TI ϭ 1,100 ms; flip angle ϭ 12°; 1.33 ϫ 1.0 ϫ 1.0 mm voxels).
A resting-state functional (f)MRI scan was acquired using a T2*-weighted echo-planar pulse imaging (EPI) sequence (41 slices; TR ϭ 2.5; TE ϭ 30 ms; 64 ϫ 64 matrix; 3 ϫ 3 ϫ 3 mm voxels). Participants were instructed to relax with their eyes closed but to not fall asleep.
MRI Preprocessing and Data Analysis
FSL software (FMRIB's Software Library; www.fmrib.ox.ac.uk/ fsl) version 5.0 was used to analyze imaging data. Detailed procedures for each analysis will be outlined in the following paragraphs.
MPRAGE preprocessing. MPRAGE scans underwent brain extraction using BET (Smith 2002) and were then segmented into partial volume maps according to gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF) using FAST (Zhang et al. 2001) . Next, WM and CSF maps were registered to each subject's functional space using FLIRT (Jenkinson and Smith 2001; Jenkinson et al. 2002; Greve and Fischl 2009 ), thresholded at 0.8 to ensure 80% tissue probability, and binarized. Finally, time courses for the registered thresholded binarized WM and CSF maps were extracted to enter them as nuisance factors in the first-level individual analysis (see below).
Resting-state fMRI preprocessing. EPI scans for each subject underwent low-pass filtering using a band-pass filter of Ϫ1 and 2. Further preprocessing steps included 1) removal of first 4 vol, 2) high-pass filtering cutoff at 0.01 Hz, 3) brain extraction using BET (Smith 2002) , 4) motion-correction using McFLIRT (Jenkinson et al. 2002) , and 5) scans were excluded if motion Ͼ3 mm was detected. To control for possible laterality effects, we flipped the brains of the three patients affected on their lower right extremity to match them with the nine remaining patients with ongoing pain in the lower left extremity. EPI scans were then linearly registered to anatomical scans using FLIRT and nonlinearly registered to Montreal Neurological Institute (MNI) 2-mm standard space using FNIRT. Due to the small size of the Hb, we did not use a spatial smoothing kernel.
Hb seeds. Left and right MHb and LHb seeds were defined on each subject's MPRAGE scan (see Fig. 1B ). The Hb lies immediately dorsal to the posterior commissure and anterior to the pineal gland. Since it contains a high amount of WM, it appears brighter on T1-weighted anatomical scans and can thus be easily delineated from the surrounding CSF and thalamic GM (Lawson et al. 2013) . After the Hb was visually located on the anatomical scans, boxes of 3 ϫ 3 ϫ 3 voxels were used to define left and right MHb and LHb. Next, these seeds were registered to each subject's functional scan using FLIRT, which corresponded to 3.99 ϫ 3 ϫ 3 mm in EPI space (see Fig. 1B ). LHb and MHb seed registration accuracy from anatomical to functional space was visually inspected and manually adjusted if needed. Finally, time courses for each Hb seed were extracted and entered into first-level individual analysis (see below).
Resting-state fMRI first-level individual analysis. To control for physiological noise and motion, we included several nuisance factors into the first-level individual analysis. We entered nuisance signals from WM and CSF, as well as six motion parameters (3 rotation and 3 translation generated by motion correction with McFLIRT from preprocessing) into our model. Time courses of the left and right MHb and LHb seeds were also entered into this first-level individual analysis. Images were linearly registered anatomical space using FLIRT and nonlinearly registered MNI 2-mm standard space with FNIRT.
Resting-state fMRI higher-level group analyses. FEAT was used to perform higher level group analyses using FLAME to investigate Hb rsFC differences between patients and healthy controls. Results were corrected for multiple comparisons using cluster-correction with a z-value Ͼ2.3 and P Ͻ 0.05. Additionally, since the Hb is known to be a hub connecting the brainstem to frontal brain regions, we were particularly interested in rsFC in the brainstem (see Fig. 2B ). However, we did not perform separate region of interest analyses but report results from higher level group analyses described above. We interpreted rsFC in brainstem structures by careful comparison with Duvernoy's brainstem atlas (Naidich et al. 2008) .
RESULTS
Subject Demographics
Our patient population consisted of nine females and three males aged between 10 and 17 yr and a mean age Ϯ SE of 14.1 Ϯ 0.7 yr. Nine out of the 12 patients suffered from pain in the lower left extremity; the remaining 3 patients experienced ongoing pain in the lower right extremity. All except one patient reported an injury as onset of their pain condition and experienced ongoing pain in average over 13 Ϯ 2.2 mo. Twelve healthy controls were recruited and matched with regards to sex and were within 1 yr of patients' age (13.8 Ϯ 0.7 yr).
rsFC in Patients and Healthy Controls
No subject scans were excluded because of excessive motion. MHb and LHb rsFC differences between patients with CRPS and healthy controls are summarized in Table 1 (MHb)  and Table 2 (LHb).
Our analyses indicate that Hb rsFC in healthy controls reflected previously described anatomical connectivity to multiple regions in the brain (see Fig. 1A ). For example, in healthy controls, the MHb was functionally connected to the IPN (see Fig. 2B ) and additionally showed a widespread network including the thalamus, insula, primary motor cortex (M1), premotor cortex (PM), frontal pole (FP), dorsolateral prefrontal cortex (dlPFC), perigenual anterior cingulate cortex (pACC), subgenual ACC (sgACC), anterior midcingulate cortex (aMCC), precuneus, CPu, amygdala, and rostral ventromedial medulla (RVM) (see Fig. 2A ). Interestingly, patients exhibited an overall suppressed MHb rsFC to the rest of the brain, and rsFC was limited to the thalamus, CPu, posterior cingulate cortex (PCC) and cerebellum (see Fig. 3 ). Contrast analysis revealed that patients had significantly reduced rsFC of the MHb in M1, PM, supplementary motor region (SMA), aMCC, and dlPFC compared with healthy controls (see Fig. 3 ). There were no brain regions that patients had significantly higher Hb rsFC to compared with healthy controls.
Similarly, LHb rsFC in the healthy state overlapped with previously described anatomical connections (see Fig. 1A ). In healthy controls, the LHb was functionally connected to the VTA, SNc, PAG, hippocampus, NAc, and CPu and showed additional functional connections to the thalamus, precuneus, insula, amygdala, sgACC, pACC, aMCC, PCC, M1, primary somatosensory cortex (S1), secondary somatosensory cortex (S2), parahippocampal gyrus, cerebellum, medial frontal cortex, and FP (see Fig. 2, A and B) . Patients had LHb rsFC to the thalamus, putamen, insula, cerebellum, ventromedial prefrontal cortex (vmPFC), PCC, and frontal orbital cortex (FOC) (see Fig. 3 ), and on the brainstem level, to the nucleus central superior (NCS), parabrachial nucleus (PBN), locus coeruleus (LC), mesencephalic trigeminal nucleus (TN), and DRN. Contrast analysis revealed that CRPS patients had significantly reduced LHb rsFC to a cluster that included the aMCC and pACC compared with healthy controls (see Fig. 3 ). Contrast analysis did not result in any brain regions with higher LHb rsFC in patients compared with healthy controls.
DISCUSSION
Analyses of rsFC have become increasingly popular and are typically used to investigate the intrinsic brain connectivity by identifying anatomically distant brain regions that show a synchronous low-frequency neural activity in individuals at rest. This is the first study to uncover rsFC of the Hb in the healthy and chronic pain state. We have previously reported functional activation of the Hb in response to a noxious heat stimulus in healthy volunteers (Shelton et al. 2012b) . Its afferent and efferent pathways have been previously reported in animals (see Fig. 1A ) (Hikosaka 2010) . We documented similar connections between the Hb and afferent and efferent pathways in humans (Shelton et al. 2012b ). Our rsFC results showed that Hb rsFC largely overlapped with previously described anatomical connections of the Hb. Furthermore, we found that compared with healthy control subjects, patients with CRPS exhibited an overall Hb rsFC reduction with the rest of the brain, specifically with the aMCC, dlPFC, SMA, M1, and PM.
Hb rsFC in Healthy Control Subjects
The Hb is a small brain structure in the posterior thalamus that is divided into MHb and LHb components that are functionally different (Andres et al. 1999; Díaz et al. 2011 ). Because of its location, we carefully selected MHb and LHb seed regions, and it is generally precarious to investigate the function of such a small subcortical structure. We therefore located MHb and LHb on subjects' anatomical scans (Shelton et al. 2012b; Lawson et al. 2013) and used the smallest possible seed size to ensure that the seed is limited to the Hb region. We then registered the seeds to functional space and visually inspected the location accuracy and made adjustments if necessary (see Fig. 1B ). We also refrained from using a smoothing kernel as previous studies using 5-12 mm smoothing on their functional scans certainly contaminated the Hb signal with noise from the ventricle and/or surrounding thalamus structures (Salas et al. 2010; Noonan et al. 2011) . Our rsFC findings support previously described anatomical connections of the Hb in healthy control subjects (see Figs. 1A  and 2, A and B) . For example, the MHb in healthy controls showed rsFC with the IPN, NAc, CPu, and frontal areas such as M1, PM, SMA, FP, and dlPFC. Additionally, the MHb was functionally connected to previously undefined brain regions, for example, the thalamus, insula, amygdala, pACC, sgACC, aMCC, precuneus, and in the brainstem, RVM. Similarly, the LHb rsFC mapped onto anatomical LHb regions. For example, healthy subjects exhibited functional connections between the LHb and frontal brain areas (M1/S1, S2, FP, and dlPFC), subcortical regions (thalamus, CPu, NAc, and hippocampus), and brainstem structures (PAG, VTA, and SNc). The LHb receives inputs from numerous brain regions such as the lateral hypothalamus, basal ganglia, NAc, and frontal brain regions; its main outputs go to the PAG, VTA, and SNc (Andres et al. 1999; Bianco and Wilson 2009; Díaz et al. 2011) , which are predominantly nuclei that regulate dopaminergic and serotonergic systems (Aizawa et al. 2012) . Additionally, we found functional connections between the Hb and the PAG, a region involved in a number of processes including pain modulation (Behbehani 1995; Linnman et al. 2012) , as well to the RVM, which is known to send excitatory and inhibitory fibers to dorsal horn spinal cord neurons and is thus actively involved in pain modulation (Fields et al. 1995) . Accordingly, our results support our previous structural connectivity findings (Shelton et al. 2012b ) and suggest that there are large overlaps between Hb functional and structural connections.
Hb rsFC in Patients with CRPS
Our chronic pain sample included pediatric patients with CRPS. CRPS usually follows a seemingly trivial injury to the limbs and affects multiple brain systems including the somatosensory cortex, parietal regions, basal ganglia and frontal areas that seem to correlate with known changes in some of the behavioral measures noted in the syndrome (e.g., parietal changes and hemi-inattention; basal ganglia and movement disorders, etc.). The Hb is thereby of particular interest for pain processing since it acts as a relay station between forebrain structures and brainstem nuclei, many of which are involved in pain processing (e.g., VTA, IPN, SNc, PAG, and RVM; see Fig. 1A ; Shelton et al. 2012a). Results were corrected for multiple comparisons using cluster correction (Z Ͼ2.3; P Ͻ 0.05). LHb, lateral habenula.
Our rsFC analysis revealed that patients with CRPS had overall suppressed functional connections between the Hb and the rest of the brain. Patients exhibited functional connections between the MHb and the thalamus, cerebellum, PCC, and on the brainstem level, the pontine nuclei (see below). Furthermore, the LHb functionally connected to the thalamus, insula, cerebellum, vmPFC, PCC, and FOC, and in the brainstem, to the NCS, PBN, LC, TN, and DRN. Accordingly, patients exhibited reduced rsFC and, additionally, showed an altered Hb rsFC pattern with previously undefined structural connections.
Patients with CRPS did not show MHb rsFC to the IPN compared with controls. The IPN is located in the midbrain and activity in this region is involved in diffuse inhibitory actions on a number of brain areas by inhibiting dopamine release from in mesocortical, mesolimbic, and mesostriatal dopaminergic neurons (Nishikawa et al. 1986) , and interestingly, lesions of the Hb result in dopamine increase in these brain regions (Lisoprawski et al. 1980; Nishikawa et al. 1986 ). Moreover, stimulation of the LHb results in an inhibition of dopaminergic neurons in the SNc and VTA (Christoph et al. 1986 ). Taken together, its connections to dopaminergic brain regions may thus relate to the implication of the Hb in reward (Ullsperger and von Cramon 2003) , anti-reward Hikosaka 2007, 2009) , and pain processes (Leknes and Tracey 2008) . Patients' overall rsFC suppression may also converge with decreased dopamine levels previously demonstrated in fibromyalgia (Wood et al. 2007 ), burning mouth syndrome (Hagelberg et al. 2003) , and restless leg syndrome (Connor et al. 2009 ). Patients had LHb rsFC to the DRN that have been linked to serotoninergic functions. Our results revealed a unique Hb rsFC for patients with CRPS to brainstem structures that have not been previously linked to the Hb, for example, the LC, PBN, and NCS, all of which have repeatedly been associated with pain processing and pain modulation (Leichnetz et al. 1978; Segal 1979; Cechetto et al. 1985) . These functional connections, together with altered Hb rsFC to the rest of the brain, may contribute to spontaneous, ongoing pain in patients. For example, it is conceivable that increased afferent drive from the basal ganglia to the Hb (Shabel et al. 2012 ) may affect Hb outputs to the brainstem and, consequently, diminish pain modulation and reward processing. However, these results need to be interpreted with caution, as there are no known anatomical connections between the Hb and these brainstem nuclei and could potentially be mediated through secondary anatomical connections from other brain regions.
Hb rsFC Group Differences
CRPS patients had significantly lower rsFC compared with healthy controls, which also, intriguingly, was found in similar locations for MHb and LHb. Notably, patients had significantly reduced rsFC among the MHb and M1 and PM, SMA, aMCC, and dlPFC compared with healthy controls. Many patients with CRPS show significant limitations of motor control and movement secondary to their pain. We therefore suggest that rsFC reductions in motor areas may reflect altered Hb rsFC with systems involved in motor planning and execution (i.e., SMA and M1; Kirveskari et al. 2010; Schilder et al. 2012 ) and may originate from negative effects of limb disuse (Bruehl and Chung 2006) . Furthermore, patients showed reduced LHb rsFC to a cluster located in the pACC, pgACC, and aMCC region. Reduced rsFC in patients in brain regions responsible for higher-level cognitive and affective processes are in line with previous studies providing evidence that patients with CRPS have decreased perceptual learning abilities , emotional processing (Geha et al. 2008) , as well as reduced decision-making skills (Apkarian et al. 2004 ). Furthermore, the reduced rsFC from both MHb and LHb to the aMCC and pACC may link chronic pain states to changes in negative affect, pain, and cognitive control (Vogt 2005; Geha et al. 2008; Shackman et al. 2011) . Another interesting finding relates to the reduced rsFC to the pgACC previously implicated in pain inhibition systems (Petrovic et al. 2002; Wager et al. 2004; Bingel et al. 2006) and to the dlPFC repeatedly associated with pain modulation (Lorenz et al. 2003; Brighina et al. 2004; Fierro et al. 2010) , perceived control over pain (Pariente et al. 2005; Wiech et al. 2006) , and pain catastrophizing (Seminowicz and Davis 2006) .
Study Limitations
There are several study limitations. 1) Sample: a study caveat constituted the patient sample, as findings with 12 patients will only provide limited significance. Additionally, pediatric subjects generally exhibit more movement in the MRI compared with adults and may therefore result in higher noise issues. We were careful to reduce movement noise by applying band-pass filtering and motion correction to our scans. 2) Regions outside of classic defined Hb connectivity: our analyses revealed Hb rsFC to brain regions, such as the cerebellum, that have no known pathways with the Hb. It has previously been shown that there are large overlaps between functional and structural connections in the brain (van den Heuvel and Mandl 2009). Our findings may therefore arise from secondary connections between brain regions. The current approach can elucidate which brain regions communicate with each other, either as entire networks (e.g., default-mode network) or as seed-based rsFC between a region of interest and the rest of the brain. Intriguingly, study results support the existence of direct or indirect (i.e., through other brain regions) anatomical connections to ensure a high level of interaction between brain areas (Damoiseaux and Greicius 2009; Greicius et al. 2009; Honey et al. 2009; Hermundstad et al. 2013) . From a clinical standpoint, this approach can be used to provide insight into functional networks and/or functional coupling between brain regions in various disorders (Greicius 2008) . Thus some of the regions shown in Figs. 2 and 3 (regions with yellow labels) may be a result of direct or indirect connectivity. 3) Imaging resolution: the voxel size that was used to obtain whole brain acquisitions at a relatively short TR may have hindered our ability to precisely localize the Hb in functional space and may not allow for multivoxel averaging to reduce noise in the seed signal.
Conclusions
We believe that this is the first study to investigate rsFC of the Hb in human chronic pain. Other studies have implicated the Hb in a number of diseases including depression (Carlson et al. 2013) , nicotine addiction (Baldwin et al. 2011) , and bipolar disorder (Savitz et al. 2011b ). The Hb is likely involved in modulating multiple biological processes that include pain and analgesia, stress response, and reward-punishment (Thornton et al. 1985; Sugama et al. 2002; Hikosaka 2010) . In the healthy state, our results showed that the Hb may act as a relay station between frontal and brainstem regions to regulate outputs to brainstem nuclei. In the chronic pain state, we found decreased rsFC from the Hb to brain regions implicated in motor, affective, and pain modulatory/inhibitory processes. Mechanistically, it is possible that the lack of frontal regulatory/modulatory inputs may alter neuronal activity in brainstem structures, which may then contribute to patients' symptomatology such as a high levels of spontaneous pain (Baron 2000), increased anxiety (Geha et al. 2008) , and decreased motor activity (Kirveskari et al. 2010; Schilder et al. 2012 
